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ABSTRACT 

The  theoretical  background  and  the  experimental  verification  of  a  new 
composite  grating  with  two  different  grating  densities,  which  was  developed  for 
simultaneous  small  and  large  displacement  measurements  of  a  single  specimen 
using  moire  interferometry,  are  presented  in  this  paper.  A  composite  grating 
with  line  densities  of  1200  and  300  lines/mm  is  then  used  to  study  the  changes 
in  the  displacement  field  and  the  approximate  J-integral  values  of  a  5052-H32 
aluminum,  single  edge  notched  (SEN)  specimen  under  increasing  load. 
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1.  INTRODUCTION 


Moire  interferometry  i3  capable  of  full  field,  in-plane  as  well  as 
out-of -plane  surface  displacement  measurements  of  elastic,  inelastic  and 
anisotropic  materials.  This  experimental  technique  became  more  useful  when 
Post  and  his  associates  Cl, 2, 3]  developed  practical  methods  for  producing  the 
needed  high  density  grating  and  for  transferring  the  grating  onto  a  specimen. 
The  Post's  method  as  well  as  other  methods  C4.5,6]  have  been  used  successfully 
to  analyze  various  static  plane  problems  in  fracture  mechanics.  The  hiah 
sensitivity  in  measuring  the  surface  displacement  by  moire  interferometry  also 
was  used  by  two  of  the  authors  who  studied  the  crack  tip  field  in  ductile 
fracture  specimens  C7,83.  However,  our  study  was  hampered  by  the  increasing 
magnitude  of  the  displacements  which  eventually  obliviated  the  moire  frinqes 
near  the  crack  tip  as  the  applied  load  was  increased.  A  composite  grating  with 
two  different  grating  frequencies  of  f^^  and  either  of  which  can  be  used  as 
the  active  grating  frequency,  was  thus  developed  to  overcome  this  experimental 
difficulty.  Using  this  composite  grating,  the  sensitivity  of  the  moire 
interferometry  system  can  be  selectively  chosen  where  active  grating  of  high 
frequency  can  be  used  during  the  earlier  loading  stage  to  measure  the  small 
surface  deformation  followed  by  the  use  of  a  low  frequency  active  grating 
durina  the  latter  loadino  stage  to  measure  the  large  surface  deformations.  In 
the  followino,  the  theoretical  backaround  and  the  procedures  for  producina  and 
using  this  composite  grating  are  present.  Finally,  the  utility  of  the 
composite  grating  is  demonstrated  by  estimatina  the  J-intergral  values  in  a 
5052-H32  aluminum,  single  edge  notched  specimen  which  was  loaded  to  failure. 


2.  THEORY 


I 


2 . 1  Superposition  of  Two  Parallel  Sine  Gratings  with  Different  Grating 
Frequencies 

The  grating  functions  for  two  parallel  sine  gratings,  one  with  a  grating 
frequency  of  f^^  and  the  other  with  a  grating  frequency  of  f^,  as  shown  in 
Figure  1,  are 

T,  (x)  =  t^  +  t,  3in2xf,x 

1  0  i  1 

(1) 

Tt(x)  =  t^  +  t;  3in2irf-,x 

2  o  1  L 

where  t^.  t'^,  t^,  and  are  the  linear  developing  coefficients,  and  f^  and 

the  spatial  frequencies  of  the  gratinos.  A  composite  sine  grating, 
which  contains  two  different  grating  frequencies,  fj^  and  f^,  can  be  constructed 
by  a  double  exposure  technique.  The  resultant  composite  sine  grating  function 

T(x)  =  T,  (X)  *  TJX) 
i  2 

=  I  t  t'  ♦  t  t'  3in2xf  X  ♦  t  t'  3in2xf  x  (2) 

0  o  1  o  i  o  1  2 

\  t  t'  3in2ir(t  -  f  )x  t  ^  t  t'  3in2x(f  ^  f  )x  1 
2  i  1  i  z  2  1  1  i  2  J 

2.2  Diffraction  Fiejd_pf  Parallel  Composite  Sine  Grating 

Consider  a  laser  beam  in  the  x-z  plane  entering  perpendicularly  to  the 
composite  sine  qrating  as  shown  in  Figure  2.  The  diffraction  field  appearing 
in  the  frequency  plane  is  the  convolution  of  the  two  individual  fourier 


transform  planes  of  grating  frequencies  of  f^  and  f^.  The  diffraction  field 
can  be  described  as 
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2.3  Superposition  of  Two _ Perpendicular  Sine  Gratings  with  Different  Gritlng 

Frequencies 


The  grating  function  for  an  orthogonal  composite  sine  grating  with 
frequencies,  f^^  and  as  shown  in  Figure  3.  is  easily  derived  in  a  similar 


4 


procedure  as 


T(x,y)  =  Tj^(x)  T2(y) 


55 
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>  ■ 


=  +  tj^t^  sinZxfj^x  +  t^tj  sinZxf^y 

*  2  j^x-f^y)  ♦  ^  3in2x(fj^x  +  f^y)  j 

2.4  Diffraction  Field  of  Orthogonal  Composite  Sine  Grating 


(5) 


The  diffraction  field  at  the  frequency  plane  due  to  a  laser  beam  in  the 
'  plane  entering  perpendicularly  to  an  orthogonal  composite  sine  grating,  as 
shown  in  Figure  4,  can  be  described  as 
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In  general,  if  a  laser  beam  In  the  x-z  plane  enters  the  orthogonal  composite 
sine  qratinq  at  an  incident  angle  of  $  with  respect  to  the  z-axis,  then 


3in0,  3in6)  = 


(0,0 1  (3in<|),0) 
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( 0 ,  >f  )  ♦  ( 3in0,O) 

(♦fj^A,  *  (sin^,0) 

2.5  Moire  Interferometry  with  Composite  Grating  as  Specimen  Grating 


0  diffraction  order 
♦1  diffraction  order 
tl  diffraction  order 
cross  +1  diffraction  order 


(7) 


Now  consider  a  moire  interferometry  system  which  contains  two  gratings,  a 
reference  qratinq  and  a  specimen  grating,  as  shown  in  Figure  5.  Let  a  parallel 
composite  grating  be  the  specimen  qratinq  and  denote  the  grating  frequency  of 


the  reference  grating  as  f*.  Let  the  incident  angle,  in  Figure  5,  satisfy 
the  following  condition  of 


sin0  -  2 

Equation  (0)  represents  the  condition  for  generating  symmetrical  zero  and  first 
diffraction  orders  from  the  reference  grating.  These  rays  will  generate  the 
moire  fringes  upon  interfering  with  the  specimen  grating.  With  the  composite 
grating  as  the  specimen  grating,  the  sensitivity  of  the  moire  fringe  can  be 
chosen  with  different  reference  grating  frequencies,  f*,  as  follows: 


A 

f  =  2fj^ 

-* 

u  =  N/fj^ 

f*  =  2f2 

u  =  N/f2 

(9) 

f"  = 

-> 

u  =  N/(f^-f2) 

f''  =  2(fj^+f2) 

u  =  N/(fj^+f2) 

where  u  represents  the  displacement  field  generated  by  moire  interferometry  and 
N  is  the  moire  fringe  number. 

3.  PRODUCTION  OF  COMPOSITE  GRATING 

Figure  6  shows  the  optical  setup,  which  is  similar  to  that  of  Ref.  CBl. 
for  producing  the  composite  grating  of  frequencies  of  and  f2-  In  this 

investigation,  a  1200/300  lines/mm  composite  grating  was  chosen.  First,  a 
virtual  grating  of  frequency  of  f=300  lines/nun  was  produced  and  recorded  on  a 
photographic  plate  (Kodak  High  Resolution  Plate,  type  TE),  An  argon  ion  laser 
with  150  bM  power  setting  was  used  with  an  exposure  time  of  0.2  seconds.  The 


optical  setup  was  then  changed  to  a  virtual  frequency  grating  of  f=1200 


lines/mm  and  the  photographic  plate  was  exposed  again  with  a  laser  power 
setting  of  500  mH  and  an  exposure  time  of  0.4  seconds.  The  exposed  plate  was 
developed  (Kodak  developer,  D-19  for  5  minutes),  fixed  and  bleached.  The  final 
step  prior  to  drying  is  to  dip  the  plate  in  a  wetting  agent  (Kodak  Photo-Flo, 
diluted  to  200:1).  This  developing  procedure  was  essentially  identical  to  that 
discussed  in  Ref.  C23. 

4.  MOIRE  INTERFEROMETRY  USING  COMPOSITE  GRATING 

The  optical  setup,  which  was  used  to  generate  moire  fringes  is  shown  in 
Figure  7  in  which  two  virtual  reference  gratings  of  frequencies  2400  and  600 
lines/mm  were  used.  This  arrangement  corresponds  to  a  fringe  multiplication  of 

A  A 

two  or  f  and  f  =2fj^  in  Equation  (9),  where  f2=1200  lines/mm  and 
fj^  =  300  lines/mm.  A  1200/300  lines/mm  parallel  composite  grating  was  then 
inserted  in  the  specimen  grating  location.  Figure  8  shows  two  in-plane 
rotation  moire  patterns  produced  by  the  1200/300  lines/mm  composite  grating 
with  0.06  degrees  in-plane  rotation.  As  shown  in  Figure  8,  the  ratio  of  the 
frinqe  density  coincides  with  the  theoretical  prediction  of  4:1. 

^ .  STABLE  CRACK  GROWTH  IN  5Q52-H32  SEN  SPECIMEN 

A  fatigue  precracked  5052-H32  aluminum  single  edge  notch  (SEN)  specimen, 
as  shown  in  Figure  9,  was  tested  for  stable  crack  growth  to  failure.  With  no 
load  on  the  specimen,  the  mirror  for  virtual  grating  in  Figure  7  was  first 
adjusted  for  the  initial  null  fields  at  the  two  virtual  reference  grating 
frequencies  of  2400/600  lines/mm.  The  light  paths  of  the  two  virtual  reference 
gratings  are  controlled  by  two  shutters.  At  each  loading  stage,  moire  fringe 


patterns  corresponding  to  either  2400  llnes/an  or  600  llnes/an  of  the  reference 
grating  frequencies  Here  selectively  recorded.  Figure  10  and  11  shoHs  two 
■oire  fringe  patterns  for  virtual  reference  grating  frequencies  of  2400 
llnes/ni  and  600  lines/m,  at  the  first  and  fourth  level  of  applied  load, 
respectively.  The  ratio  of  the  two  fringe  densities  betHeen  the  tno  noire 
patterns  coincides  uith  the  theoretical  prediction  of  4:1. 


The  moire  fringe  pattern,  which  Has  generated  by  the  denser  2400  llne/nm 
virtual  grating,  at  the  fourth  level  of  applied  load  of  2.08  kN  is  alnost 
Indistinguishable  and  thus  only  the  moire  fringe  patterns  corresponding  to  the 
coarse  virtual  grating  of  600  llnes/nn  were  recorded  in  the  subsequent  seven 
load  levels  prior  to  rapid  fracture. 

Also  shown  in  Figs.  10  and  11  is  the  rectangular  contour  used  in 
estimating  the  J-integral  using  the  procedure  described  in  Refs.  [7,83.  The  J 
values  estimated  when  testing  a  similar  5052-H32  SEN  specimen  to  fracture  C83 
shows  that  the  integration  path  used  in  this  analysis  was  sufficiently  far  away 
from  the  fatigued  crack  tip,  which  was  blunted  by  large  scale  yielding,  and  is 
outside  of  the  path  dependent  region  of  J  C9].  Figure  12  shows  the  estimated  J 
resistance  curve  to  rapid  tearing,  which  was  obtained  by  using  the  coBg>oslte 
grating  for  the  5052-H32  SEN  specimen. 

5.  DISCUSSIONS 

For  a  composite  grating  of  frequencies  of  f^^  and  f2,  four  active  grating 
frequencies,  f^^,  chosen  as  shown  by 
Equation  (9).  With  a  600/700  lines/mm  composite  grating,  the  ratio  of  the 


sensitivities  of  the  moire  system  can  be  as  high  as  13:1,  i.e.  1300  lines/mm 
versus  100  lines/mm.  Composite  grating,  is  a  very  useful  feature  in  the  wide 
range  of  grating  frequencies,  which  can  be  generated  rapidly,  for  measuring  the 
displacements  near  a  ductile  crack  tip  region  with  increasing  load.  Thus, 
using  a  composite  grating,  all  phases  of  the  increasing  displacements  can  be 
recorded  by  the  moire  interferometry  and  thus,  the  measurable  range  of 
displacement  field  of  a  ductile  fracture  specimen  is  extended. 

Application  of  the  composite  grating  with  moire  interferometry  is  not 
restricted  to  measurement  of  a  ductile  crack  tip  displacement  field.  One 
useful  application  of  moire  interferometry  with  composite  grating  is  to  measure 
the  displacement  fields  of  a  bonded  dissimilar  materials  with  large  differences 
the  rigidities  of  each  material. 

6.  CONCLUSION 

A  new  composite  grating  with  two  different  grating  densities  has  been 
developed.  The  theoretical  background  and  the  experimental  verification  of  the 
composite  grating  are  described.  The  utility  of  a  composite  grating  is 
demonstrated  by  real-time  moire  interferometry  test,  where  both  small  and  large 
surface  displacements  of  a  single  fracture  specimen  was  recorded  without 
changing  the  active/reference  grating  setup. 
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FIGURE  1  TWO  PARALLEL  SINE  GRATINGS  WITH  DIFFERENT  GRATING 
FREQUENCIES 


FIGURE  2 


DIFFRACTION  FIELD  OF  A  PARALLEL  COMPOSITE  GRATING 


REFERENCE  ACTIVE 


FIGURE  5 


GRATING  GRATING 


MOIRE  INTERFEROMETRY  WITH  COMPOSITE  GRATING  AS  THE 
ACTIVE  GRATING 


FIGURE  6  OPTICAL  SETUP  FOR  PRODUCING  COMPOSITE  GRATING 


FIGURE  7  OPTICAL  SETUP  FOR  NOIRE  INTERFEROMETRY  WITH  COMPOSITE  GRATING 


Active  Grating  rrequency 
1200  lines/mn 


Active  Grating  Frequency 
300  lines/mm 


FIGURE  8 


MOIRE  FRINGES  GENERATED  BY  COMPOSITE  GRATING 
WITH  IN-PLANE  ROTATION  OF  0.06  DEGREES 


quency  300  lines/**) 


ing  Frequency  1200  lines/**) 


300  lines/M  GRATING 
□:  1200  lines/Hi  GRATING 


0.000 


CRACK  EXTENSION  (mm) 


FIGURE  12  J  VALUES  VERSUS  CRACK  EXTENSION,  5052-H32  ALUMINUM  SEN 
FATIGUE  PRECRAKCED  SPECIMEN  WITH  INITIAL  CRACK  LENGTH 
2.94  mm,  SPECIMEN  NO.  JCPl. 
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